Ultra -depleted dunites from the Sibuyan Island, Romblon (Central Philippines) are primarily composed of olivine, orthopyroxene (<5%), trace clinopyroxene and chromian spinel and are totally free of hydrous minerals and plagioclase. Mineral chemistry shows very refractory compositions (olivine Fo = 92 -94; spinel Cr# > 0.75). Rare clinopyroxene preserved in the ultra -depleted dunites is anhedral and interstitial to olivine grains. They are neither subsolidus exsolution products from orthopyroxene nor metasomatic in origin. Clinopyroxene has high Mg# = 0.94 -0.97 and low Al 2 O 3 contents (<0.85 wt%). They are also very depleted in trace elements with only selected heavy rare earth elements detected during the LA -ICP -MS analysis. Light to middle REEs and LILEs were hardly detected, which is indicative of the very depleted character of the melt that precipitated the clinopyroxene. The calculated melts in equilibrium with the clinopyroxene have heavy REE contents similar to olivinehosted ultra -depleted melts of MORB affinity from the East Pacific Rise and the Mid -Atlantic Ridge. The formation of the Sibuyan ultra -depleted dunites is being attributed to extremely high degree of dry melting below a mid -oceanic ridge.
INTRODUCTION
Deep magmatic processes related with the behavior of primary magmas are difficult for us to recognize. For example, extruded MORB (mid -oceanic ridge basalts) could be mixtures of melts continuously segregated at different depths from a mantle column (Johnson et al., 1990; Gurenko and Chaussidon, 1995) . Primary melts of MORB affinity which can be in equilibrium with particular abyssal peridotites have only been encountered as small inclusions of ultra -depleted melts (UDM) within phenocrysts in MORB (e.g., Sobolev and Shimizu, 1993; Shimizu, 1998; Danyushevsky et al., 2003) . A wehrlitic cumulate from a kind of UDM was found from the East Pacific Rise (Arai and Takemoto, 2007) . We report here the occurrence of ultra -depleted dunites from the Sibuyan Island, Central Philippines which contain rare clinopyroxene in equilibrium with UDM. The Sibuyan ultra -depleted dunites not only provide strong evidence for the existence of UDM but also offer a glimpse into the processes which led to its formation.
SAMPLE DESCRIPTION AND PETROGRAPHY
The Sibuyan Island together with Tablas, Romblon and several smaller islands comprise the Romblon Island Group located along the western edge of Central Philippines (Fig. 1a) . Recent investigations in the area have reported the existence of the Sibuyan Ophiolite Complex whose components are dominantly exposed in the Tablas and Sibuyan islands (Ramos et al., 2005; Yumul et al., 2009; Dimalanta et al., 2009 ). Our study is solely focused on the Sibuyan Ultramafics which is exposed at the central portion of the Sibuyan Island and corresponds to the mantle section of the reported Sibuyan Ophiolite Complex (Fig. 1b) . The Sibuyan Ultramafics is dominantly composed of remarkably fresh spinel lherzolites, harzburgites and dunites. The lherzolites and harzburgites have protogranular to porphyroclastic textures (Mercier and Nicolas, 1975) and are composed of olivine, clinopyroxene, orthopyroxene and spinel. Using increasing spinel Cr# as basis, the Sibuyan Ultramafics can be roughly clas-sified into three groups: (1) Group I peridotites are composed of lherzolites and harzburgites with spinel Cr# < 0.35, (2) Group II peridotites are harzburgites and dunites with intermediate spinel Cr# = 0.40 -0.65 and (3) Group III dunites with very high spinel Cr# (>0.75). The increase in Cr# of spinel is accompanied by decreasing Al 2 O 3 contents and increasing Mg# in the pyroxenes from Group I to Group II and Group III. A more detailed discussion of the petrological and geochemical characteristics of the three groups of the Sibuyan Ultramafics will be presented elsewhere.
The dunites presented in this work correspond to the Group III dunites mentioned above. They were sampled from boulders along the Cantingas River which is the main tributary draining the Sibuyan Ultramafics exposed within the vicinity of Mt. Guitingguiting (Fig. 1b) . The dunites are almost entirely composed of olivine which has been partially altered to serpentine. They are totally free of primary hydrous minerals and plagioclase. Orthopyroxene is mostly less than 1 mm in size and occurs as slightly deformed grains embedded in the olivine/serpentine mesh. Clinopyroxene is rare in occurrence and noted as small anhedral and dusty -looking grains in two of the dunite samples (Fig. 2) . They are observed to be interstitial to olivine grains. They are neither subsolidus exsolution products from orthopyroxene nor metasomatic in origin and thus they are interpreted to be primary in nature. Dispersed spinel grains within the dunites are usually almost euhedral in shape and are dark brown to black in color.
GEOCHEMICAL FEATURES
Representative major element compositions of primary phases in the ultra -depleted dunites are presented in Table  1 . Major element data were acquired using an electron microprobe JXA8800 (JEOL) at the Kanazawa University. Analytical conditions were set at 20 kV accelerating voltage, 20 nA probe current and focused beam diameter of 3 µm. Geologic map of the Sibuyan Island (modified after ). In the field, the Sibuyan Ultramafics is exposed within the vicinity of Mt. Guitingguiting (peak is denoted by the black cross). The Cantingas River which is the major river draining the area is delineated by the gray line. the clinopyroxene at around 0.92. Al 2 O 3 and Na 2 O abundances are also low at <0.66 wt% and <0.01 wt%, respectively. The Fo content of olivine (= 100 × Mg#) in the ultra -depleted dunites varies from 92 to 94. When plotted against the Cr# of the spinel, these values mostly fall within the olivine spinel mantle array (Arai, 1994a) . The NiO concentrations in the olivine vary from 0.35 -0.54 wt% and these are also within the range of the mantle olivine array (Takahashi, 1986) . Trace element concentrations in clinopyroxene were determined by laser ablation inductively coupled plasma mass spectrometry (LA -ICP -MS) using a GeoLas Q -Plus, MicroLas LA system coupled with an Agilent 7500s, Yokogawa Analytical systems ICP -MS system. Ablation spot diameter was 50 µm at 10 Hz with energy density of 8 J/cm2 per pulse. The NIST 612 standard glass was used for calibration with Si as an internal standard. Trace element abundances in clinopyroxene are listed in Table 2 . Analyses of three clinopyroxene grains from two samples showed extreme depletion in REE. Few REE registered values above the detection limit as shown in the chondrite -normalized patterns of the clinopyroxene in the ultra -depleted dunites (Fig. 3) . In the extended diagram, small amounts of Nb, Sr, Zr and Ti were also detected (Fig. 4) . The depleted HREE content observed in the clinopyroxene in the Sibuyan ultra -depleted dunites is almost similar to the HREE content of refractory harzburg ites from the East Pacific Rise (Figs. 3 and 4) . The clinopyroxene from the Sibuyan dunites is possibly lower in LREE to MREE than any other clinopyroxene documented (Fig. 3) . Dunites are commonly found associated with mantle peridotites in ophiolites or peridotite complexes (e.g. Kelemen et al., 1995; Sano and Kimura, 2007) . The Sibuyan dunites are more depleted than such dunites in terms of the Cr# of spinel and trace element contents of clinopyroxene.
DISCUSSION

Melt in equilibrium with the Sibuyan ultra-depleted dunites
The textural occurrence of the clinopyroxene suggests that they are of primary origin and not products of exsolution from orthopyroxene nor metasomatism. Clinopyroxene is considered the primary repository of rare earth elements in gabbroic and ultramafic rocks. Subsolidus We calculated the composition of melts in the Sibuyan ultra -depleted dunites using the Kd values of Sobolev et al. (1996) which are applicable to low -Al clinopyroxene (Fig. 3) . The calculated melts show similar HREE contents to the UDM in equilibrium with a wehrlite from the East Pacific Rise (Arai and Takemoto, 2007) (Fig. 3) . The HREE abundance of the calculated melts in equilibrium with the clinopyroxene in the Sibuyan ultra -depleted dunites are also comparable to the ultra -depleted primary melt trapped in olivine phenocrysts in MORB from the Mid -Atlantic Ridge (Sobolev and Shimizu, 1993) and with that of the olivine -hosted UDM of MORB affinity from the Siqueiros Transform Fault, East Pacific Rise (Danyushevsky et al., 2003) (Fig. 3) . In addition, the HREE contents of the Sibuyan ultra -depleted melts (UDM) fall within the lower range of the clinopyroxene in dunite, gabbro and wehrlite comprising the Moho transition zone of the Oman ophiolite (Koga et al., 2001) (Fig. 3 ). All these reported ultra -depleted melts together with the Sibuyan UDM are distinctly depleted in trace element abundances compared to highly depleted MORB reported from the off -ridge Heck and Heckle Seamounts, Northeast Pacific Ocean (Leybourne and Van Wagoner, 1991) (Fig. 3) . It is noteworthy that the Sibuyan UDM is more depleted in LREE and LILE compared to other reported magmas (Figs. 3 and 4) . Both boninites and komatiites are as low in HREE as the Sibuyan UDM, but are far more enriched in LREE to MREE than the latter (Fig. 3) .
Origin and significance of the Sibuyan ultra-depleted dunites
In general, dunites are interpreted as crystal cumulates, refractory residues after high -degree partial melting (c.f., Arai, 1994a Arai, , 1994b or melt/peridotite interaction products (Quick, 1981; Kelemen et al., 1995; Suhr et al., 2003; Zhou et al., 2005) . The latter process involves the incongruent melting of orthopyroxene and precipitation of olivine (orthopyroxene = olivine + SiO 2 -rich melt), thereby reducing or removing pyroxenes from the host cpx -bearing peridotites to form more depleted harzburgites and dunites. Although such melt -peridotite reactions cause modal depletion, Fo content of olivine decreases by the same reaction without significant reduction of Cr# in spinel (e.g., Sano and Kimura, 2007 ). An origin from meltperidotite reaction is possibly not applicable for the Sibuyan ultra -depleted dunites. Dunites and wehrlites that are ubiquitous in the Moho transition zone of the Oman ophiolite (e.g., Benn et al., 1988) have been interpreted as the Sibuyan ultra -depleted dunites. The depletion in trace elements in the clinopyroxene in the Sibuyan ultra -depleted dunites is comparable to the harzburgites from the East Pacific Rise (Dick and Natland, 1996) . Calculated melts (coefficients used are from Sobolev et al., 1996) in the Sibuyan ultra -depleted dunites have HREE almost similar to olivine -hosted ultra -depleted melts in MORB from the Siqueiros Transform Fault, East Pacific Rise (Danyushevsky et al., 2003) and the Mid -Atlantic Ridge (Sobolev and Shimizu, 1993) . The ultra -depleted melt in equilibrium (calculated using coeffients after Hart and Dunn, 1993) with wehrlite from the East Pacific Rise (Arai and Takemoto, 2007) and the fields for komatiite (Arndt, 2008) , boninite (Taylor et al., 1994) , Moho transition zone (MTZ) of the Oman ophiolite (Koga et al., 2001 ) and the range of highly depleted MORB from the off -ridge Heck and Heckle Seamounts, Northeast Pacific Ocean (Leybourne and Van Wagoner, 1991) are also shown for comparison. Presented data are all normalized to the chondrite values of Sun and McDonough, 1989 . Sun and McDonough, 1989 . Field for East Pacific Rise harzburgites is from Dick and Natland (1996) .
reaction product between MORB and shallow harzburgite (e.g., Kelemen et al., 1995; Koga et al., 2001) . They are far less depleted than the Sibuyan dunites, having relatively low Cr# (<0.6) chromian spinel and higher REE level of clinopyroxene (Koga et al., 2001) (Fig. 3) . Zhou et al. (2005) speculated that harzburgites and dunites produced from the melt -rock process are enriched in LREE and other incompatible elements due to the involvement of boninitic melts, but this is clearly not the case of the clinopyroxene of the Sibuyan ultra -depleted dunites.
The high spinel Cr# coupled with the high Fo content of the olivine exhibited by the Sibuyan ultra -depleted dunites are characteristic of liquids derived from higher degrees of melting of mantle peridotites beyond the clinopyroxene -out conditions (Dick and Bullen, 1984; Arai, 1994a) . It is probable that the Sibuyan ultra -depleted dunites are formed from extensive partial melting at the bottom of the mantle column as also indicated by their high spinel Cr# (>0.75). The orthopyroxene which is coarse as up to 1 mm across is possibly a residual phase. The clinopyroxene in the Sibuyan ultra -depleted dunites may then have precipitated from a residual interstitial melt.
The clinopyroxene chemistry suggests dry melting genesis for the Sibuyan ultra -depleted dunites. Depleted clinopyroxene is commonly found in harzburgites from supra -subduction zone environments wherein hydrous fluids released from the slab induce higher degrees of hydrous melting (Bizimis et al., 2000; Barth et al., 2003) . However, the residual harzburgite and related dunite formed from second -stage melting assisted by slab -derived fluid contain clinopyroxene clearly enriched in LILE and LREE (e.g., Tamura and Arai, 2006) . This is clearly not the case of the Sibuyan dunites examined here. The clinopyroxene in the Sibuyan dunites are extremely depleted in LREE and LILE. Depletion of Zr relative to other HFSEs (e.g., Nb) (Fig. 4) is notable but has remained unsolved. Hydrous phases such as hornblende were not observed in the Sibuyan dunites. We hence expect mid -ocean ridge type melting for the genesis of the Sibuyan ultra -depleted dunites. The Cr# of the Sibuyan spinel (>0.75; Table 1 ) is far higher than the 0.6 upper limit of chromian spinels in known abyssal igneous rocks (e.g., Dick and Bullen, 1984; Arai, 1994a) . The Sibuyan ultra -depleted dunites thus record an activity of UDM that has never been documented. It could be an extremely high degree partial melting below a mid -ocean ridge although similar rocks have never been recovered from the present -day ocean floor.
CONCLUSIONS
The Sibuyan ultra -depleted dunites have very refractory composition as indicated by the high Fo content of olivine and high Cr# of spinel. Rare clinopyroxene grains in the dunites show extreme depletion in LREE and LILE which implies the very depleted character of the melt from which they precipitated. The formation of the Sibuyan ultra -depleted dunites is being attributed to extremely high degree of dry melting below the mid -oceanic ridge.
